
US007403144B1 

(12) United States Patent (10) Patent N0.: US 7,403,144 B1 
Cruz-Albrecht et al. 45 Date of Patent: Jul. 22 2008 a 

(54) PULSE DOMAIN ENCODER AND FILTER 6,111,531 A * 8/2000 Farag ....................... .. 341/143 
CIRCUITS 6,940,438 B2* 9/2005 Koe et al. .. 341/143 

7,180,432 B2 * 2/2007 Oliaei ......... .. 341/143 

('75) Inventors: Jose M_ CruZ_Albrecht’ Oak park’ CA 2005/0190865 A1* 9/2005 LaZar et al. ............... .. 375/340 

(US); Peter Petre, Agoura, CA (US) OTHER PUBLICATIONS 
. _ _ . S. OuZounov, et a1., “Design of High-Performance Asynchronous 

(73) Asslgnee' HRL Laboratones’ LLC’ Mahbu’ CA Sigma Delta Modulators With a Binary QuantiZer With Hysteresis,” 
(Us) IEEE 2004 Custom Integrated Circuits Conference, 2004, pp. 181 

(*) N _ S b_ d_ 1_ h fhi 184,1EEE. ot1ce: u Ject to any 150 a1mer,t etermo t s * . . 
patent is extended or adjusted under 35 cued by exammer 

U-S~C~ 154(1)) by 0 days- Primary ExamineriKhai M. Nguyen 
(74) Attorney, Agent, or Firm4Christie, Parker & Hale, LLP 

(21) App1.N0.: 11/645,936 
(22) F1 d D 26 2006 (57) ABSTRACT 

1 e : ec. 
’ A pulse circuit to solve a system of differential equations in 

(51) Int_ C]_ the pulse domain based on analog or inputs or time-encoded 
H03M 3/00 (200601) pulse inputs. Intrinsically linear 1-bit digital to analog con 

. . Verters are used as feedback elements Within circuits im le 
(52) US. Cl. ...................... .. 341/143, 341/144, 341/155 _ _ _ _ _ P 

(58) Field of Classi?cation Search 341/143 mentlng solutlons to a d1fferent1al equatlon or to a system of 
See a p pl 1 C ati O n ?le for C 0 mp1 et e Search history' dlfferentlal equations. The clrc'ults'may be used to lmplement 

ers. e e1nu o ec1rcu1 ma eananao s1 na, ?lt Wh1l th ptt th t yb lg g1 
(56) References Cited the internal signals of the circuit are time-encoded current or 

Voltage pulses. Output of the circuit is a time-encoded pulse 
U'S' PATENT DOCUMENTS or a series of time-encoded pulses from Which an analog 

5,396,244 A * 3/1995 Engel ....................... .. 341/143 01111911t may be recovered by time decoding 

5,815,102 A * 9/1998 Melanson 341/143 

6,087,968 A * 7/2000 RoZa ........................ .. 341/143 20 Claims, 18 Drawing Sheets 

209 201 205 207 215 217 /\/ 

v (I) y 

um — If —> v p (r) 

Integrator 1 Integrator 2 Clocklesg 
Hysteresis 

9a Quantizer 

203 213 

1200 
400 

200 

[J 401 
Second v (t) 

P . 

Order T1me 
u(t) ———> . > —> v (t) 

Unit Decoder ’ 

Element 



US. Patent Jul. 22, 2008 Sheet 1 0f 18 US 7,403,144 B1 

59:0 02mm 



US. Patent Jul. 22, 2008 Sheet 2 0f 18 US 7,403,144 B1 

pomncwso WEBBQAE 302005 

N .UE 

mom 

n 9: 



US. Patent Jul. 22, 2008 Sheet 3 0f 18 US 7,403,144 B1 

I (volts) 

303 +2 

+1 

A v p (volts) __+2 +1 -1 -2 

FIG. 3 
V 



US. Patent Jul. 22, 2008 Sheet 4 0f 18 US 7,403,144 B1 

CV h > HOUOQQQ 

85 5w 

Glow. 

84 > 
w .UE 

E0805 :5 SEO vacuum 
4| 3: 

com 



US. Patent Jul. 22, 2008 Sheet 5 0f 18 US 7,403,144 B1 

mm .QE 



US. Patent Jul. 22, 2008 Sheet 6 0f 18 US 7,403,144 B1 

@ 1 C ?scal» > 

:0 

m5 

QEJI 
woo 

@ .05 

M00 
new 

50 

Q: 



US. Patent Jul. 22, 2008 Sheet 7 0f 18 US 7,403,144 B1 

mohiw RE 2 V 2 

a: isuolm > / I4 
I’! \1 

a > \L lr..|.. Wong E a: 

CV >531» > 

// /. .. 

A: x > \ 

mowémv H2 
mm: 

025m 39:0 Uh .UE 59:0 SHEMBE vacuum mw .UE 



US. Patent Jul. 22, 2008 Sheet 8 0f 18 US 7,403,144 B1 

be 

AAHVNQPV ITAAMVNXV A NNU HNQV H mwv NRU " u “R 3Q :Q “E . cow no 44 n v @JQ mw @Hm 

“3:530 
23.6334 mm 

323020 J! Qmw 

‘llkll ‘Ill 
3 2 > ID. 0% : 

mmw .............................................. BNEEBO 32x36 

J/ 
2w 

9 a > Q a. 5 

2w Cw 2m 8w mow 5w <w .UHHH 





US. Patent Jul. 22, 2008 Sheet 10 0f 18 US 7,403,144 B1 

..... -- 82 I 52 

com 09 c2 05 Q2 02 oi 02 0Q 0: Q2 

Ml 



US. Patent Jul. 22, 2008 Sheet 11 0f 18 US 7,403,144 B1 

..... -- 32 

com 02 Q2 0: Q2 Q2 0: Q2 cg o: 

2 

\ 

woo" A‘. . . . r . 4 4‘ 

1_ 

Q 

m2 .UE 



US. Patent Jul. 22, 2008 Sheet 12 0f 18 US 7,403,144 B1 

..... -- 82 i 82 

n02 

DE .DE 



US. Patent Jul. 22, 2008 Sheet 13 0f 18 US 7,403,144 B1 

..... -- moi ll 82 

com 02 cm: 0: Q2 c2 03 om? 0Q o: 02 

N T 

Q.@ iv 5o w. - 1 -- - -- -- - i--- - -- 1; lo 8:; 

$2\ 4 . . 4 4 . 2 

Q2 .QE 



US. Patent Jul. 22, 2008 Sheet 14 0f 18 US 7,403,144 B1 

00: 

I .05 

no: 



US. Patent Jul. 22, 2008 Sheet 15 0f 18 US 7,403,144 B1 

2Q 22 82 8Q Q .UE 

cog 



US. Patent Jul. 22, 2008 Sheet 16 0f 18 US 7,403,144 B1 



US. Patent Jul. 22, 2008 Sheet 17 0f 18 US 7,403,144 B1 

QNN 

E .UE 



US. Patent Jul. 22, 2008 Sheet 18 0f 18 US 7,403,144 B1 

2 3 NH 2 

AHVU 2. 
SE 2: 4. Q 82 152 

u 82 

u 8 

m 82 :31 

m 2 1A"_VI O I 622 a 52 

2 E2 61 

2 .UE 



US 7,403,144 B1 
1 

PULSE DOMAIN ENCODER AND FILTER 
CIRCUITS 

BACKGROUND OF THE INVENTION 

a) Field of the Invention 
The present invention relates generally to the ?eld of ana 

log encoding and ?ltering and more particularly to solving 
systems of differential equations by encoder and ?lter circuits 
using time encoding and pulse domain signals. 

a) Description of Related Art 
Conventionally, differential equations could be solved in 

the (1) original analog domain via analog ampli?ers or in the 
(2) digital domain after an Analog to Digital Converter 
(ADC) digitiZation. In the analog domain, a disadvantage of 
the conventional approach is that accuracy is severely limited 
by dynamic range of the analog components such as the 
feedback analog ampli?ers. Conventional circuits for solving 
differential equations in the analog domain are based on 
analog computation Where the information is encoded in the 
amplitude of voltages or current signals. Accuracy is limited 
by the analog components, such as operational ampli?ers. In 
the digital domain, the disadvantage of the conventional 
approach is that speed is limited by the performance of ADC 
conversion. 
Time encoding, that encodes amplitude information into a 

time sequence, is an alternative to classical sampling and is 
used for the design of analog to digital converters. A time 
encoding machine may be implemented as a real-time asyn 
chronous circuit. Time encoding is invertible such that the 
amplitude information can be recovered from the time 
sequence With arbitrary accuracy. The amplitude information 
in a bandlimited signal can be perfectly recovered if the 
difference betWeen any tWo consecutive values of the time 
sequence is bounded by the inverse of the Nyquist rate. 
A Hadamard circuit may be used for performing Hadamard 

arithmetic operations of analog inputs With the solution 
encoded in the time domain. HoWever the Hadamard circuit 
may not be used to solve differential equations. Furthermore, 
the arithmetic operations of the Hadamard circuit can only be 
performed on analog inputs. 

In short, the conventional circuits solve differential equa 
tions in the analog domain via the use of analog components. 
These circuits are limited by the accuracy of these analog 
components. They are therefore impractical for applications 
requiring accuracy. Further, they are limited to pulse encod 
ing and do not attempt to do any processing such as solving 
differential equations using the encoder machine presented. 
No prior circuit has been proposed to solve a system of linear 
?rst order differential equations in the pulse domain. 

SUMMARY OF THE INVENTION 

Embodiments of the present invention include circuits that 
can be used to solve systems of linear ?rst order differential 
equations that may be used to implement an arbitrary analog 
linear ?lter in the pulse domain. 
One embodiment of the invention provides a second order 

unit element encoder circuit for solving a ?rst order linear 
ordinary differential equation that includes an input ampli?er, 
a ?rst l-bit digital to analog converter, a ?rst adder, a ?rst 
integrator, a second l-bit digital to analog converter, a second 
adder, a second integrator, and a hysteresis quantiZer. The 
input ampli?er is responsive to an input signal and provides 
an ampli?ed output signal. The ?rst l-bit digital to analog 
converter has a ?rst l-bit digital to analog converter input and 
a ?rst l-bit digital to analog converter output. The ?rst adder 
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2 
has a ?rst adder ?rst input responsive to the ampli?ed output 
signal and a ?rst adder second input responsive to an output 
signal from the ?rst l-bit digital to analog converter to pro 
vide a ?rst sum output signal. The ?rst integrator is responsive 
to the ?rst sum output signal and provides a ?rst integrated 
output signal. The second l-bit digital to analog converter has 
a second l-bit digital to analog converter input and a second 
l-bit digital to analog converter output. The second adder has 
a second adder ?rst input responsive to the ?rst integrated 
signal and a second adder second input responsive to an 
output signal from the second l-bit digital to analog converter 
signal to provide a second sum signal. The second integrator 
is responsive to the second sum signal and provides a second 
integrated output signal. The hysteresis quantiZer is respon 
sive to the second integrated output signal and provides a time 
encoded pulse output signal corresponding to a time encoding 
of a solution of the ?rst order linear ordinary differential 
equation. The ?rst l-bit digital to analog converter is respon 
sive to the time encoded pulse output signal and feeds back 
the time encoded pulse output signal to the ?rst adder second 
input. The second l-bit digital to analog converter is respon 
sive to the time encoded pulse output signal and feeds back 
the time encoded pulse output signal to the second adder 
input. The second order unit element encoder circuit may be 
coupled in series to a time decoder circuit. Further, the time 
decoder circuit may be responsive to the time encoded pulse 
output signal and adapted to recover the solution of the ?rst 
order linear ordinary differential equation from the time 
encoded pulse output signal. 
The input signal may be an analog signal or a pulse signal. 

Gain of the input ampli?er may be a coe?icient of the input 
signal in the ?rst order linear ordinary differential equation, 
and gain of the second l-bit digital to analog converter may be 
a coe?icient of the solution of the ?rst order linear ordinary 
differential equation. 
One embodiment of the invention provides an array of 

encoder circuits including ?rst and second encoder circuits. 
The ?rst encoder circuit is responsive to a ?rst input signal 
and provides a ?rst output signal. The second encoder circuit 
is responsive to a second input signal and provides a second 
output signal. The array of encoder circuits also includes a 
?rst cross-feedback l-bit DAC for providing the second out 
put signal to the ?rst encoder circuit, and a second cross 
feedback l-bit DAC for providing the ?rst output signal to the 
second encoder circuit. Each encoder circuit in the array of 
encoder circuits includes an input ampli?er, ?rst and second 
adders, ?rst and second integrators, and a hysteresis quan 
tiZer. The input ampli?er is responsive to an ampli?er input 
signal. The ?rst adder is coupled to the input ampli?er and to 
a cross-feedback l-bit digital to analog converter of the other 
encoder circuit. The ?rst integrator is coupled to the ?rst 
adder. The second adder is coupled to the ?rst integrator. The 
second integrator is coupled to the second adder. The hyster 
esis quantiZer is coupled to the second integrator and provides 
a hysteresis quantiZer output signal. The array of encoder 
circuits also includes ?rst and second l-bit DACs. The ?rst 
l-bit DAC is coupled betWeen an output of the hysteresis 
quantiZer and the second adder and provides the hysteresis 
quantiZer output signal as a feedback signal to the second 
adder. The second l-bit DAC is coupledbetWeen the output of 
the hysteresis quantiZer and the ?rst adder and provides the 
hysteresis quantiZer output signal as a feedback signal to the 
?rst adder. The ?rst output signal and the second output signal 
are time encoded pulse signals. 
The ?rst output signal may be a time encoding of a solution 

of a ?rst differential equation included in a coupled system of 
tWo ?rst order linear ordinary differential equations, and the 




















